gd T cell subsets can be characterized, in part, by their secretion of select proinflammatory cytokines. The molecular mechanisms driving the diverse fates of gd T cells have not been elucidated. We have previously shown that the attachment of myristic acid to the N-terminal glycine of proteins, termed N-myristoylation, is essential for ab T cell development and activation. Here, we explore the potential role of this lipid modification on the activation of gd T cells. In the absence of N-myristoylation, the CD27 + gd T cell subset was dominantly affected. The cells produced high levels of IFN-g upon stimulation. In addition, they were more sensitive to inhibition of the CaN-Nfat pathway than were gd T cells with myristoylated CaN. N-Myristoylation was found to modulate activity of phosphatase CaN, a regulator of Nfat. In summary, the CaN-Nfat pathway regulates development and function of IFN-g-producing gd T cells, and its balanced activity is strongly dependent on CaN N-myristoylation.
Introduction
gd T cells represent an important source of IFN-g and IL-17A in the early phase of an immune response [1, 2] ; however, the signaling pathways decisive for the diverse activities of these cells have not yet been elucidated in detail. It has been reported that gd T cells acquire their effector functions in the thymus before, or concurrent with, TCR expression [1, 3, 4] . Specific Vg chains, such as Vg 1 and Vg 2 , are associated with production of IFN-g or IL-17A, respectively [4] . Moreover, thymic TCR-ligand engagement may play an important role in determining the effector function of gd T cells: ligandactivated gd thymocytes may secrete IFN-g, whereas gd thymocytes that do not encounter the TCR-ligand, produce IL-17A as a default pathway [3, 5] . IL-17A-producing gd T cells predominantly recruit neutrophils to the site of infection and have pathogenic roles in the development of autoimmune disorders, such as experimental autoimmune encephalomyelitis [6] . On the other hand, IFN-g-producing gd T cells express the TNFR family member CD27; they are important for the activation of macrophages and cytotoxic lymphocytes and in addition, play a role in the inhibition of tumor development by IFN-g production [7, 8] . The factors that specify the effector function of gd T cells are not well understood. The Nfats are TFs involved in T cell development and activation. Nfatc1, Nfatc2, and Nfatc3, expressed by T cells, are regulated by calcium and the phosphatase CaN [9] [10] [11] [12] . Phosphorylated Nfat proteins in the cytosol are dephosphorylated upon calcium signaling by activated CaN, thus exposing their nuclear-localization signal and allowing translocation to the nucleus. Nfat proteins are then able to interact with other TFs to promote the transcription of genes coding for cytokines and proteins induced after TCR activation [9, [13] [14] [15] . Thus, the protein phosphatase CaN is a central regulator of Nfat. CaN consists of an a-and b-subunit [16] . The latter contains a consensus sequence for N-myristoylation [17] , which is a co-and posttranslational modification involving attachment of myristic acid to the N-terminal glycine of proteins [18, 19] . It regulates the targeting of proteins to cell membranes, fosters proteinprotein interactions, and stabilizes protein conformation [20] . The enzymes that catalyze this modification are called myristoyl-CoA:protein Nmt1 and Nmt2 [21, 22] .
N-Myristoylation has an essential role in ab T cell development, as the absence of N-myristoylation profoundly perturbs the development and activation of ab T cells and ab TCR signaling in vivo [23] .
Based on our previous observation that thymic gd T cells increase in mice lacking N-myristoylation in T cells, we hypothesized that the N-myristoylation-dependent pathway may affect the development and the function of gd T cell subsets in a different manner than ab T cells [24] . With the use of mice with a T cell-specific N-myristoylation deficiency, we have uncovered a role for CaN N-myristoylation in balancing constitutive CaN activity and Nfat activation in vivo with subsequent elevated IFN-g-producing gd T cell development and function in the context of N-myristoylation deficiency.
MATERIALS AND METHODS

Mice
Mice with T cell-specific N-myristoylation deficiency were previously generated. In brief, mice expressing Cre recombinase, driven by the proximal Lck promoter, were bred with mice possessing LoxP sequences in the active sites of Nmt1 and Nmt2. Mice lacking both enzymes were analyzed, as a significant increase in gd T cells was observed only when both enzymes were missing and not when single Nmt enzymes were deleted. All animal protocols were performed in accordance with national and institutional guidelines. The deleted gene of Nmt1 was detected using the following primer pairs: F 5-tcagccttgttttgatgcag-3, R 5-gaggacacacacctgttaggc-3; the deletion of Nmt2 with the primers F 5-tcctgggattggaactgaag-3, R 5-atgccatgttgtctggactg-3; and Lck-Cre using primers F 5-gcggtctggcagtaaaaactatc-3, R 5-gtgaaacagcattgctgtcactt-3.
Preparation of single-cell suspensions from murine organs
Thymus, spleen, and lymph nodes were mechanically disrupted in 6-well plates and digested for 20 min in a digestion solution containing RPMI-medium 1640, 0.5 mg/ml collagenase IA (Sigma-Aldrich, Schnelldorf, Germany), and 0.2 mg/ml DNase I (Sigma-Aldrich) at 37°C and 5% CO 2 .
Cells from liver were isolated after perfusion of the mouse with PBS and digestion of the organ, as described above. After washing, liver homogenates were sieved through a 100 and 30 mm strainer. Afterward, they were resuspended in an 80% Percoll (GE Healthcare, Munich, Germany) gradient, layered over a 40% Percoll gradient, and centrifuged at 2500 g for 20 min at RT.
For isolation of lymphocytes from the gut, the segment between duodenum and cecum was washed and cut into ca. 0.5 cm-long pieces, and Peyer's patches were eliminated. After incubation for 15 min in RPMI media with 10% FCS, 2 mM glutamine, 50 U/ml penicillin, 50 mg/ml streptomycin, 10 mM HEPES, and 1 mM DTT, the tissue was centrifuged; resuspended in prewarmed HBSS; supplemented with 25 mM HEPES, 1 mM DTT, and 1 mM EDTA; and incubated for 30 min at 37°C with shaking. Cells were separated from the rest of the tissue by filtration through a 30 mm sieve, centrifuged, and resuspended in a 70% Percoll gradient, layered over a 40% Percoll gradient. Isolation of cells from epidermis was performed by incubating skin overnight at 4°C in RPMI, supplemented with 0.5% trypsin (Sigma-Aldrich). The day after, epidermis was separated from dermis, cut in small pieces, and incubated at 37°C. After repetitive pipetting, cells were sieved through a 100 mm nylon cell filter and centrifuged.
Magnetic cell sorting
Single-cell suspensions from the organs were incubated for 15 min at 4°C with 2 ml anti-gd TCR conjugated with PE (clone: GL-3; BD Biosciences, Heidelberg, Germany). gd T cells were isolated by magnetic sorting with MicroBeads coupled with anti-PE antibodies and MACS MS columns, according to the manufacturer's instructions (Miltenyi Biotec, Bergisch Gladbach, Germany). The purity of the enriched gd T cells was assessed by flow cytometry and averaged 95%.
Stimulation and inhibition of T cells
Sorted gd T cells were stimulated in either a 96-well plate coated with antiCD3e antibodies (clone: 145-2C11; BD Biosciences) or with PMA (50 ng/ml; Sigma-Aldrich) and ionomycin (1 mg/ml; Sigma-Aldrich). Cells (1 3 10 5 ) were incubated in 100 ml media (RPMI 1640 with 10% FCS, 1% penicillin/ streptomycin, 10 mM HEPES, 2 mM L-glutamine, 1 mM sodium pyruvate, and 1 mM nonessential amino acids) at 37°C and 5% CO 2 . For T cell inhibition, cells were pretreated with CsA (Sigma-Aldrich) or FK506 for 1 h at 37°C. Cells were then harvested and analyzed.
FTOC
FTOC culture was performed as described previously [25] . Fetal thymi were removed from pregnant LckCre individual lobes. Genotyping of single embryos was performed from the heart tissue. The lobes were cultured for 7 d on 13 mm/0.8 mm nucleopore track-etched membranes (Whatman), placed on antiwrap sponges (Medipost, Dorset, United Kingdom) in 6-well plates in 3.5 ml/well DMEM, supplemented with 10% FCS, 10 mM HEPES, 50 mM 2-ME, nonessential amino acids, and 50 mg/ml penicillin/streptomycin (100 mg/ml) at 37°C and 10% CO 2 , with or without the CaN inhibitor tacrolimus (FK506; 20 ng/ml). Thymocytes were recovered on d 7 of culture by forcing lobes through 70 mm screens with tuberculin syringe plungers into flow cytometry staining buffer (PBS + 1% FCS). The cells were washed, counted, and stained with mAb (CD8-FITC, TCRgd-PE, CD4-PeCy7, and CD3-APC). The samples were acquired by FACSCalibur (BD Biosciences) and analyzed by FlowJo.
Flow cytometric analysis
For staining of surface antigens, cells were incubated with primary antibodies for 30 min at 4°C. For surface staining, the following antibodies at the dilution 1:500 were used: anti-CD3 (clone: 145-2C11), anti-CD69 (H1.2F3), and anti-gd TCR (GL-3; BD Biosciences); anti-CD27 (LG.3A10), anti-Vg1 (4B2.9), and anti-Vg2 (UC3-10A6; BioLegend, San Diego, CA, USA); and anti-CD24 (M1/69), anti-CD25 (PC61.5), and anti-CD44 (IM7; eBioscience, Frankfurt am Main, Germany). For intracellular staining of cytokines, cells were stimulated with PMA and ionomycin for 3 h before the addition of Brefeldin A (10 mg/ml; Sigma-Aldrich) for an additional 2 h. Cells were recovered and surface stained using TCRgd-FITC, CD4-PE-Cy7, CD44-PerCP-Cy5.5, TCR-b APC-Cy7, and viability dye (eF506). After washing, the cells were resuspended in 4% PFA and incubated at RT for 10 min in the dark. After washing, the pellets were resuspended in 13 Fix/Perm intracellular staining buffer (BD Biosciences), followed by incubation for 15 min at RT. The permeabilized fixed cells were stained with IL-17-PE and IFN-g-APC, washed twice, resuspended in PBS, and analyzed by flow cytometry [FACSCanto (BD Biosciences) and FlowJo (Tree Star, Ashland, OR, USA)]. Intracellular staining of T-bet (clone: eBio4B10; eBioscience) was performed using the staining kit (eBioscience). 
Nmt activity
Measurement of Nmt activity was performed as described previously [24] . In brief, the assay is based on the N-myristoylation reaction between a FLAGtagged peptide containing the consensus sequence for the enzyme Nmt and an azido analog of myristoyl-coenzyme A. After the reaction, the acylated peptide is coupled to phosphine-biotin via the Staudinger Ligation, captured by plate-bound anti-FLAG antibodies, and detected by streptavidin-peroxidase. Nmt activity is reflected by measuring changes in Abs at 450 nm.
Western blot
Cells were treated with lysis buffer [150 mM NaCl, 50 mM tris(hydroxymethyl)aminomethane, 2 mM EDTA, 0.02% Nonidet P-40, protease inhibitor 13, 50 mM DTT, 2.5 mM PMSF] on ice for 15 min and centrifuged. Equal amounts of protein were separated by SDS-PAGE. Membranes were then probed with anti-mouse CaN (1:500; clone: 29/CaN; BD Biosciences) and anti-rabbit actin (1:500; clone: I-19; Santa Cruz Biotechnology, Heidelberg, Germany). After incubation with HRP-conjugated secondary antibodies (1:5000; Santa Cruz Biotechnology), membranes were developed using ECL (Sigma-Aldrich).
Immunofluorescence
Purified gd T cells were fixed in 4% PFA, permeabilized in 0.5% Triton X-100 (Sigma-Aldrich) in PBS, and immunostained overnight with primary antibodies anti-Nfatc2 (1:500; clone: MA1-025; Thermo Fisher Scientific, Schwerte, Germany). The primary antibody was visualized using goat anti-rabbit IgG Alexa Fluor 488 (1:200, Thermo Fisher Scientific, Karlsruhe, Germany). Samples were counterstained with DAPI (Biotium, Hayward, CA, USA). Images were acquired sequentially using the motorized Olympus FV1000 confocal microscope equipped with the multiline Argon and the UV diode 405 nm laser and reflected light photomultiplier tubes, with the 603/1.35 UPlanSApo objective, and controlled by the FluoView software. The 12-bit 1024 3 1024 pixel frames with 103 3 103 nm 2 pixel size were acquired at the optimal focal plane by keeping all settings on the microscope constant. The images were further processed and quantified using the FIJI (1.49e version of ImageJ, developed by Wayne Rasband; NIH, Bethesda, MD, USA) macro developed at the Deutsches Krebsforschungszentrum (DKFZ) Light Microscopy Core Facility (Heidelberg, Germany). All images were processed with constant settings and displayed with the pseudo-color adjusted linearly for the individual channels. For each cell, the area fraction of the green staining above the defined threshold within the nucleus was measured and used for further statistical analysis. On average, 50 cells/sample/condition were analyzed.
Quantitative PCR analysis
Total RNA was isolated from purified gd T cells using the guanidine thiocyanate method [26] . Quantitative PCR and data analysis were performed by LightCycler (Sigma-Aldrich), as described previously [24, 27] . The following primers were used (BioSpring, Frankfurt am Main, Germany): for IFN-g, F 5-cattcagagctgcagtgacc-3 and R 5-ggacagcctgttactacctga-3; for T-bet, F 5-cctggacccaactgtcaac-3 and R 5-aactgtgttcccgaggtgt-3; for Gata3, F 5-ttgaacggtgtgagggtaca-3 and R 5-gtttgggtttgctccactgt-3; for Rorgt, F 5-ccgctgagagggcttcac-3 and R 5-tgcaggagtaggccacattaca-3.
CaN activity
CaN activity was measured using the colorimetric CaN cellular activity kit (Enzo Life Sciences, Lörrach, Germany), according to the manufacturer's instructions. In brief, cells were lysed in the presence of phosphatase inhibitors. Free phosphates were removed using a spin column (Epoch Life Science, Sugar Land, TX, USA). Five microliters of the lysate was incubated with calmodulin and a specific phopshopeptide in the presence of OA and OA with EGTA for 30 min at 30°C. The reaction was stopped by adding 100 ml of the Green reagent, and Abs was measured at 620 nm. Total CaN activity was calculated for each sample after background subtraction, according to the calculation: Abs OA 2 Abs OA + EGTA and extrapolation of phosphate concentration from the phosphate standard curve.
Statistical analysis
Two-tailed t test or one-way ANOVA was performed, as specified, to assess the significance of the differences between WT and dKO mice. Differences with P , 0.05 were considered significant.
RESULTS
N-Myristoylation promotes the development of CD27
+ gd T cells
To study the effects of an absence of N-myristoylation in gd T cells, mice with T cell-specific deletion of N-myristoylation enzymes Nmt1 and Nmt2 (Lck-Cre + Nmt1 f/f /Nmt2 f/f ; referred to as dKO) were compared with appropriate control mice (LckCre 2 Nmt1 f/f /Nmt2 f/f ; referred as WT) [23] . As a first step, the effects of deletion of the Nmt1 and Nmt2 genes in purified gd T cell populations were determined (Supplemental Fig. 1A) . Absence of N-myristoylation was validated by measuring Nmt activity in gd T cells taken from WT and dKO mice (Supplemental Fig. 1B) . We recently reported that the absence of N-myristoylation in T cells resulted in a striking drop of the number of ab T cells in the thymus and periphery; however, gd T cells were significantly increased in the thymus of dKO mice when compared with WT mice (Fig. 1A and Supplemental Fig.  1C ) [24] . This rise could now be attributed to an increased proliferation of gd T cells (BrdU incorporation) and not to a decrease in apoptosis (Annexin V binding; Fig. 1A and Supplemental Fig. 1D) . Analysis of the number of gd T cell progenitors, defined as CD24 + CD25 + CD27 + , showed a statistically significant increase in young (1 mo) and aged (3 and 6 mo) dKO mice compared with WT (Fig. 1B) . Moreover, the profile of gd T cell subsets was considerably altered in the thymus of dKO mice. In terms of relative cell numbers, the distribution of gd T cells strongly shifted toward the CD44 + CD27 + gd T cell pool, mirrored by a relative decrease of CD44 2 CD27 + gd T cell numbers in KO vs. WT. CD44 + CD27 2 gd T cells did not change. (Fig. 1C) . However, absolute numbers of these populations showed a strong increase in both CD44
2 CD27 + and CD44 + CD27 + gd T cells in the dKO mice compared with WT mice (Fig. 1D) . Thus, the absence of N-myristoylation promotes mice. Thymocytes were pregated for CD4 + cells isolated from the thymus, lymph nodes, and spleen. Graphs refer to the quantification of the percentage of CD27 + gd T cells positive for IFN-g. WT (n = 3); dKO (n = 3). Unpaired t test was applied. **P , 0.01, ***P , 0.001.
development of CD27
+ gd T cells, characterized by the synthesis of IFN-g [8] .
In the adult thymus, the mutually exclusive expression of the markers NK1.1 and CCR6 distinguishes 2 different lineages: IL-17A-producing CCR6 + gd T cells and IFN-g-secreting NK1.1 + cells [28] . Analysis of the expression of these markers on gd T cells of WT and dKO mice showed a similar CCR6 expression but a significantly higher expression of NK1.1 in dKO compared with WT mice (Fig. 1E) , suggesting that N-myristoylation influences the development of IFN-g-producing gd T cells.
In the periphery, the percentage of gd T cells was also increased in spleen, lymph nodes, and liver but not in the gut or skin of dKO mice when compared with WT mice (Fig. 1F and Supplemental Fig. 1C-E) . Moreover, as seen in the thymus, the increment of CD27 + gd T cell subsets was also present in spleen, lymph nodes, and liver of dKO mice (Supplemental Fig. 2A ).
Synthesis of IFN-g and expression of T-bet are elevated in gd T cells from dKO mice
CD27
+ gd T cells release IFN-g upon stimulation [8] . After activation with PMA and ionomycin, purified gd T cells from the spleen of dKO mice were found to produce a significantly higher amount of IFN-g but less IL-17A than did WT mice ( Fig. 2A  and B) .
It was further shown in vivo that the augmented production of IFN-g seen was specific for CD27 + gd T cells (Fig. 2C) . After stimulation, the percentage of the IFN-g-producing, CD27 + gd T cell subset was considerably increased in the thymus, lymph nodes, and spleen of dKO mice, indicating that deficiency of N-myristoylation specifically targets the IFN-g-producing gd T cells (Fig. 2C) .
To corroborate the increase of IFN-g-producing gd T cells, purified gd T cells were stimulated with an increasing concentration of anti-CD3 antibodies. After stimulation, gd T cells from dKO mice were found to up-regulate CD69 expression and IFN-g secretion substantially. gd T cells from WT mice required significantly higher concentrations of anti-CD3 antibodies for producing the same amount of IFN-g (Supplemental Fig. 3A) . Interestingly, the level of IFN-g in dKO mice was higher than that seen in WT, even in the absence of anti-CD3 antibodies (Supplemental Fig. 3A ). This result was also confirmed by mRNA analysis, which showed a significant increase in the steady-state expression of IFN-g mRNA in gd T cells extracted from dKO mice after magnetic sorting (Supplemental Fig. 3B ). IL-17A-and IFN-g-producing gd T cells are generated through the combined action of specific TFs during intrathymic development. T-bet, Gata3, and Rorgt are important TFs linked to the production of IFN-g, IL-4, and IL-17, respectively [29, 30] . We analyzed the expression of these TFs in gd T cells sorted from WT and dKO. Gata3 mRNA was present in the WT mice to the same extent as in the dKO mice, whereas Rorgt expression was suppressed in the dKO gd T cells (Fig. 3A) . T-bet mRNA was found to be significantly higher in gd T cells from dKO mice when compared with WT mice (Fig. 3A) . This was also confirmed at the protein level by cytometric analysis in thymus (Fig. 3B) . With increasing concentrations of PMA/ionomycin, T-bet was consistently found to be expressed at higher levels in dKO gd T cells (Fig. 3C) . Thus, absence of N-myristoylation selectively promoted the development of IFN-g-producing gd T cells, which predominately expressed T-bet and were able to produce a substantial amount of IFN-g. Whereas Rorgt expression was suppressed in the dKO, the levels of T-bet were significantly higher, indicating a polarization of the gd T cells into a "Th1-like" phenotype. Unpaired t test was performed. See also Supplemental Fig. 3 . WT (n = 3); dKO (n = 3). (B) Purified thymic gd T cells were intracellularly stained for T-bet, and its nuclear expression was analyzed by flow cytometric analysis. The graph refers to the median fluorescence intensity (MFI) of T-bet. As already described for mRNA, also the protein levels of T-bet were higher in cells extracted from the dKO mice. Unpaired t test was applied. WT (n = 6); dKO (n = 6). Error bars represent SEM. ctl, Control. (C) Quantification of T-bet-positive cells extracted from spleen of WT and dKO mice upon treatment with increasing concentrations of PMA + ionomycin (10 + 200 ng/ml; 50 ng/ml + 1 mg/ml; and 100 ng/ml + 2 mg/ml, respectively). Unpaired t test was applied. WT (n = 6); dKO (n = 6). Error bars represent SEM. *P , 0.05, **P , 0.01, ***P , 0.001.
Absence of N-myristoylation increases the nuclear induction of Nfatc2 by a rise in constitutive activity of CaN
The Nfat family is one of the major regulators of IFN-g production in vivo. In turn, the phosphatase CaN is a key regulator of the Nfat family. CaN has been shown to be myristoylated. We hypothesized that the activation of this pathway may differ between WT and dKO gd T cells. As a first step, gd T cells were treated with the CaN inhibitors CsA and FK506, followed by stimulation with PMA/ionomycin. Activation of gd T cells was assessed by cytometric analysis of CD69 expression (Fig. 4A) . gd T cells from dKO mice were found to be more sensitive to the presence of the CaN inhibitors than were WT cells (Fig. 4A) . Interestingly, even without prior stimulation with PMA and ionomycin, gd T cells from dKO mice expressed significantly higher amounts of CD69 compared with untreated gd T cells from WT mice (Fig. 4A) . Upon CaN-Nfat inhibition, the release of IFN-g by gd T cells was significantly reduced in dKO mice compared with WT mice (Fig. 4B) . These data suggest that the absence of N-myristoylation in gd T cells renders the cells more sensitive to CaN-Nfat inhibition. FTOC was performed to investigate if pharmacological inhibition of CaN in vitro could revert the number of gd T cells from dKO embryos. No significant effect of the CaN inhibitor tacrolimus on relative numbers of gd T cells from the dKO was seen (Supplemental Fig. 2B) .
To test the possibility that deficiency of myristic acid could increase the basal activity of CaN and therefore, the activation of Nfatc2, we have analyzed the cellular activity of CaN (Fig.  4C) . A significant 3-fold increase in CaN activity was seen in sorted gd T cells from dKO mice compared with WT mice (Fig.  4C) . Increased activity as a result of a higher level of protein expression could be excluded ( Fig. 4D and E) . On the contrary, expression of the CaN protein was found to be significantly lower in the dKO mice when compared with WT mice (Fig. 4D and E), potentially as a result of a compensatory mechanism in gd T cells to counteract the increase in the phosphatase activity of CaN. Nfat activity can be assessed by determining Nfat nuclear localization. Among the Nfat family members, Nfatc2 plays a major role in the regulation of IFN-g production. Immunofluorescence analysis was used to investigate the nuclear localization of Nfatc2 in purified gd T cells (Fig. 5A ). Interestingly, a basal level of Nfatc2 was seen in the nuclei of sorted gd T cells from dKO mice compared with WT mice. Following stimulation with PMA and ionomycin, Nfatc2 was strongly induced in both WT and dKO gd-derived T cells ( Fig.  5A and B) . When the cells were treated with CsA or FK506, the nuclear localization of Nfatc2 was found to be significantly lower in dKO compared with WT cells (Fig. 5B) , thus supporting the CD69 and IFN-g data.
DISCUSSION
We previously investigated the potential role of N-myristoylation of proteins linked to the TCR signaling cascade during thymocyte development. We demonstrated that in the absence of N-myristoylation, T cell development was severely impaired in ab T cells, leading to a strong lymphopenia in the thymus and periphery. We have also shown that the generation of some gd T cells can proceed even in the absence of N-myristoylation [23] . We show here that this phenomenon can be ascribed to an increase in IFN-g-producing gd T cells, as well as of their progenitors, as the Lck promoter is active at the double-negative 2 stage during T cell ontogenesis. We surmise that precursors of IFN-g-producing gd T cells without myristoylation and consecutive increased CaN activity are driven into the IFN-g lineage.
Conventional ab and gd T cells are both generated in the thymus. Yet, the signaling pathways triggered by the ab and gd TCR during development and for functional response in the periphery can diverge. This is exemplified by the KO for Lck and Fyn, 2 myristoylated members of the Src family, important for initialization of TCR signaling. The KO of these genes leads to a severe deficit in double-positive and mature ab T cells; however, gd T cells are present in significant numbers in the periphery of these mice [31] . Likewise, CD3z-deficient mice present a developmental arrest of NK1.1 + ab T cells and an expansion of NK1.1 + gd T cells [32] . The activation of other signaling pathways in the absence of these molecules can eventually explain the increased numbers of gd T cells in these KO mice.
Our results demonstrate that by elevating the activity of the phosphatase CaN and consequently, the activity of Nfat, the absence of N-myristoylation leads to a skewed development of gd T cells toward the CD27 + , IFN-g-producing subset. The increased frequency of IFN-g-producing gd T cells is accompanied by elevated levels of T-bet. In contrast, Rorgt, shown to drive IL-17 expression in gd T cells [33] , was found to be reduced in our dKO mice. GATA3 has also been reported to inhibit IFN-g production and consequently, the activity of T-bet [34, 35] . However, in gd T cells, the role of T-bet in differentiation appears to be different. Overexpression of GATA3 does not lead to an inhibition of IFN-g secretion in gd T cells, in contrast to what has been reported in CD4 + T cells [36] .
Based on the results shown here, gd T cells in skin and gut are not impacted to the same extent as gd T cells isolated from spleen or lymph nodes. In the gut, the intraepithelial lymphocytes expressing the gd TCR and the dendritic epidermal T cells that reside in murine epidermis seem to develop in a time-restricted fashion and within the epithelium from their precursors. Specific tissue micromilieu signals contribute to their development during life [3, [37] [38] [39] .
Mice deficient in Nfat proteins have been studied extensively. T cells express Nfatc1, Nfatc2, and Nfatc3. The immune phenotypes of the single Nfat KO mice indicate a significant redundancy of the individual factors with respect to activation-induced cytokine production. With the exception of Nfat5, CaN is one of the main regulators of the Nfat family of TFs. CaN has been shown to be myristoylated, but the function of the myristoyl moiety has not been elucidated. We demonstrate that the constitutive phosphatase activity of CaN is increased in vivo in the absence of myristic acid modification. The functional implication of the CaN-myristic acid interaction has been controversial. In vitro nonmyristoylated CaN has been reported to distribute to the same subcellular fractions as the myristoylated enzyme [40] [41] [42] . Other reports have shown that N-myristoylation of CaN did not affect its interaction with calmodulin and calcium binding but provided stability to the CaN heterodimer [43] . Our data are in accordance with a recent publication suggesting that the disruption of the N-myristoylation site in yeast increased basal phosphatase activity in vitro in the presence of low calcium concentrations [44] .
In summary, we propose that in contrast to ab T cells, the CaN-Nfatc2 pathway in gd T cells drives the development and function of IFN-g-producing cells and that control of its activity requires CaN N-myristoylation. In the absence of N-myristoylation, constitutive phosphatase activity of CaN is increased, leading to a higher degree of Nfatc2 dephosphorylation and translocation to the nucleus. Nuclear Nfatc2, in cooperation with other TFs, such as T-bet, helps initiate transcription of IFN-g. The results provided here describe a new mechanism by which the production of IFN-g by gd T cells could be altered. AUTHORSHIP F.R. designed the study, performed experiments, analyzed results, and wrote the manuscript. M.B. and G.F. performed experiments. F.B. and D.K. performed experiments and analyzed results. S.P. gave critical input to the study and to the manuscript. H.-J.G. initiated and supervised the study and gave critical input to the study and to the manuscript. Z.V.P. supervised and performed experiments, analyzed data, gave critical input to the study, and wrote the manuscript.
